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EXPERIMENTAT, INVESTIGATION AT MACHE NUMBERS FROM O TO
1.9 OF TRAPEZOIDAT, AND CIRCULAR SIDE INLETS
FOR A FIGHTER-TYPE ATRPLANE

By Bmmet A, Mossman, Frank A, Pfyl,
and Frank A, Lazzeronl

SUMMARY

An experimentel investigation wes conducted to determine the perform-~
ance characteristics of two slde inlets of dissimilsr shape, One of the
inlets was approximately trapezoldel in cross section and the other wsas
circular., The trapezoldal iInlet was investigated with both blunt and thin
lips and, for both arrangements, was fitted with a 7° compression ramp.

No external compresslon surface was used wilth the clrecular inlet which
was Investigated with only one lip contour, Tests were made at Mach num-
bers from O to 1,9, aengles of attack fram 0° to 10°, and wass-flow ratios
from 0 to the maximum obtainsble,

Of the inlets tested at supersonilc speeds, the circular inlet had .
the lowest drag, the highest net-propulsive thrust, and the largest stable
range of operation, The advantage of the circular inlet over the trape-
zoidal inlebs, from a drag standpoint, was shown to be aassociated with
the type of boundary-layer removal system, the reduced angulsrity of the
external contours in the vicinity of the inlet entrance, and a smeller
projected frontel area.

For each of the inlets investigated, when the magnitude of the pres-
sure pulsstions started to increase, a flow asymmetry occurred in which
one side of the air~induction system operated at a higher mass-flow ratio
than the other side,

Performence analysis for each of the inlets on the basis of a net-
thrust parameter showed that a fixed inlet area could be used satisfacto-
rily at Mech numbers up to 1.5. However, the circular inlet showed more
favorable off-design operation, except at take-off,
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INTRODUCTION

The performance of side-~scoop alr-induction systems is dependent,
in part, on the magnitude of the losses resulting from the Interaction
of the boundery layer Iin front of the Inlet with the shock waves accompa=-
nying the supersonic compression, Since side inlets noxrmally are placed
in the proximity of the thick viscous boundary layer of the fuselage, 1t
has proven advantageous to move the compression surfaces out from the
fuselage a distance about equal to the thlckness of the boundary lsyer,
This method of bleeding off the low~-energy fuselage boundery layer bhefore
it reaches the inlet has met with some degree of success (refs, 1 to 3),
but side inlets utilizing boundary-layer control have not attalned the
performance of nose inlets of similar designa, In addltion, the systems
used for diverting or removing the fuselage boundary layer from in front
of the inlet may add & considerable drag penalty which is chargeable to
the inlets, ' : : :

In the present study, two Inlet types, one trapezoldsal and the other
circular in shape, were Investigated., The trapezoclidal inlets were, in
general, similar to other slde-inlet deslgns having compression ramps in
front of the entrance. About 30 percent of the entrance perimeter of the
trapezoildal inlets is adjacent to the fuselage boundary layer, The pres-
sure drag on the wedge faces, the friction drag on the surrounding sur-
faces, and the mixing losses involved in directing the bleed flow down-
stream of the inlet contributes substantial drag penslties on side~iniet
air-induction systems, In order to minimize tThe interference and mixing
losses to the flow near the fuselage asg it is directed around the air~
inductior system, circular side inlets were designed, A similar circular
scoop inlet has been investigated and is reported in references 4 and 5,
In these studies the scoop inlet was located forward on the fuselage near
the apex of the nose where the fuselage boundary layer is thin, With
circular inlets located one bourndary-layer helght away from the fuselage,
the entrance perimeter has only point contact with the thick viscous
boundary layer., The mixing losses of the boundary-layer flow around the
circular inlet are belleved to be less than those for the trapezoldal
inlets, It is believed that reductlons in the mixing losses can occur
if the boundary layer beneath the inlet is not conflned in a narrow
passage. Also, somewhat lower pressure drag of the circular-inlet
boundary-layer bleed surfaces would be expected since, in the present
application, the wedge diverter has a lower equlvelent angle,

Becguse of the unknown mixing and viscous forces, and the distortion
of the flow field into which the inlets are placed, it is not possible %o
predict theoretlcally which of the two inlets would result 1n the best
propulsive effort, Accordingly, en experimental investigation was made
to compare the drag, pressure recovery, and mass-flow characteristics of
the trapezoidal and circulsr side inlets, The performences of the Inlets
are coupared analytlcally by means of a net-thrust parameter,

SRR
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The results of the experimental investigation are presented herein
for Mach numbers of 0, 0.9, 1.3, 1.5, 1.7, and 1,9 at a constant tumnel
stagnation pressure of 10 pounds per square inch absolute,

NOTATTION
A area, s8q £
Cp net drag coefficient, E%
D net drag, 1b (measured drag minus internal drag)
Mach number
m mass flow through inlet (measured at compressor station) 5
slugse/sec
= ratio of the mass Flow through the inlet to the mass flow at
o the free-gtream conditions passing through an area equal
3 pcheVe
to the inlet entrance ares ————=
pooAiveo
N.S. normal ~-shock pressure recovery
D stetic pressure, 1lb/sq ft
Pt total pressure, 1lb/sq ft
P-bc
E'E— total-pressure ratio at the compressor staetion
(o]
q - dynemic pressure, lb/sq ft ’
R Reynolds number
S wing area, 8,703 sq £t
TI net thrust with isentropic pressure recovery, lb
Ty net thrust with measured pressure recovery, 1lb
v veloelty, ft/sec

&
B

air-flow perameter, lb/sec ft2

g
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o
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W, air-flow rate, lb/sec
a angle of attack of fuselage reference axis, deg A
5 compressor statlion total pressure divided by NACA sea-level
static pressure
- D
1 net-thrust parameter, T
8 absolute total temperature divided by absolute NACA smbient
seg=level temperature
0 : mass density of air, slugs/cu ft
Subscripts
c compressor station
i Inlet entrance station
@ free~gtream condition

APPARATUS AND PROCEDURE

The partial model of the filghter~-type alrplene used in the tests
was sting mounted in the Ames 6~ by 6~foot supersonlc wind tunnel, One
of the two inlets used in conjunction with the model had an approximete
trapezoldal cross-sectionsl area, and the other was of circular cross
section, A blunt.lip and a thin 1ip were tested with the trapezoidal-
shaped inlet, but only one relatively sharp lip was used with the circular
inlet, Two body croge~sectional areas were tested with the circular inlet,
Thege inlets are referred to in the remsinder of this report as the blunt-
lip inlet, the thin-lip inlet, the circular inlet, and the circular inlet
plus area, Phobographs of the model with the blunt~lip Inlet and the
circular inlet, showing the approximste trapezoidal and clirculsr shapes,
respectively, are presented in figures 1 and 2, A comparison of the inlet
region for the three inlet configurations can be seen in the photograph
of figure 3, The blunt- and thin-lip Inlets had 7° compression surfaces
ahesd of the inlet but the. circular inlet had no external compression
surface, All Inlets had a negative incidence of 4° relative to the fuse-
lage reference plane, The inlets were designed for operatlion at Mach
numbers from ¢ to 1.5, '
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The differences in the longitudinal arés distribution of the air-
induction model with each of the inlets (fig., 4) were kept smell, Lip
coordinates are given in figure 5. The variation of the diffuser Internal
area for each inlet shape is shown in figure 6, A schematic comperison
of the fuselage boundary-layer diverter wedges for the three inlets is
given in figure T,

Figure 8 is a sketch showing the location and number of tubes of the
total~ and statlic~pressure tubes at the simulated compressor inlet, and
the position of the pressure cells for measuring air-flow instebility.
The mass flow through the model obtalned from total=- and sta‘bic-pressure

P L =] 2]
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orifice meter prior to the wind-tunnel tests, The calibration factor
from these bench tests and the integrated total and static pressures were
used in obtaining the mase flow through the model during the wind~tunnel
investigation., The quentity of air flow through the duct was regulated
by a movable plug at the exit of the model (see fig,8), The pressure
cells used in the investigation were of the strain~gage type which have
regponse invariant with frequency from O to 10,000 cycles per second,
However, the carrier current amplifier and record.ing oscillograph apparatus
reduce this linear fregquency range from 0 to 10,000 cycles per second to
approximately O to 500 cycles per second for the over~all instrumentation.
Values of the maximum total amplitude of the pressure pulsations were
‘obtained fram pressure-time records of the strain-gage pressure cell
mounted in the duct system,

Reference 6 indicates that the boundary layer on bodies of revolution
tested at the Reynolds numbers of this investigation could be in a transi-
tionsal range. To insure that the frictional forces would remain relatively
constant, transitlon was fixed on the nose of the body (two 0,0l~inch-
dlsmeter wires 1/2 inch apart, the first wire 1 inch from the tip) and
near the leading edge of the lip of the inlet (one 0,0l~inch-diameter
wire, 1/2 inch from the leading edge of the 1ip). The drag increment
between each configuration is unaffechted by the presence of the transition
wires since the wilres were installed identlcally on each configuration,

A six-component strain-gage balance inside the model was used to
messure the forces, In the reduction of data, the forces developed by
the internal flow and the base forces were subtracted from the balance
measured values, The 1lnternal force is defined as the change in tobal
momentum of the entering streem tube from the free stream to the exit of
the model, and 1s thus consistent with the usual definition of jet-engine
thrust, The total momentum of the stream tube at the exit of the model
was calculated by using the corrected mass flow through the duct and the
area~weighted average total pressure at the rake station,

Tests were made for a range of mass-flow ratios from O to the maximm
obtainable, angles of attack up to 10°, and Mach numbers of 0, 0.9, 1.3,
1.5, 1.7, and. 1.9, Drag data are not presented at M = 1.3 beca.use the
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reflection of the bow sbock wave from the tunnel wall intersected the
gfterportion of the model, Except for the gtatlic tests (Mw = 0) and

M, = 1.3, all experimentis were made with a constant tunnel stagnation
pressure of 10 pounds per square inch absolute, The Reynolds number per
foot is given in the following table,

Reynolds number per foot,

Mach number million

RESULTS

The pressure recovery for the simulated take-off (M, = 0) is given
in figure 9 for the three inlets, Comparisons of the pressure recovery
and drag for the blunt-~lip inlet, the thin-lip inlet, and the circular
inlet are presented in figure lO for Mach numbers of 0,9, 1.3, 1.5, 1.7,.
and 1,9 at an angle of attack of Lo, Angle-of-attack performance, which
was obtained only for the blunt-lip Iinlet and the clrcular inlet, is
given in figures 11 and 12 for Mach numbers of 0,9 and 1,5. 8chlieren N
photographs at a = 4° and ¥ = 1,5 (fig, 13) show the shock-wave patiterns
characteristic of each of the ‘three inlet configuretions, A typical
pressure~time record for one of the strain~gage pressure cells 1s shown
in figure 1k, From such records the maximum total amplitude of the pres-
gure pulsations in the duct was debermined for each test point, ‘these
points beilng recorded on figure 15 for the three inlet configurations,
Representative contour maps of the total-pressure recovery at the com=-
pressor statlon are shown in figure 16 for each inlet at M = 1.5 for
a mass~flow ratio of approximately 0.90 and a = 4°,

el

DISCUSSION

Pressure Recovery

A survey of the literature on normal-shock inlets (refs, T to 12)
indicated that a normal-shock scoop-~inlet ingtallatlion might prove satis~
factory for speeds up to a Mach number of 1.5, although the pressure _
recovery of the scoop-type inlets is, generaslly, lower than for nose .
inlets. It was found iIn this investigation, however, that the circular
inlet gave nearly equal or somewhat higher recoveries than the nose Inlets
of references 8 and 12, s

suillinney
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At Mach numbers of 0,9 and 1.3, the pressure recovery of the circular
inlet was not significantly different from the blunt-1ip and thin-lip
inlets, At higher Mach numbers, the ramp-type inlets tested had higher
pressure recoveries at mass~flow ratios greater than about 0,8 (see fig,
10), It should be noted, however, that installation of a compression
surface in the circular inlet could increase the pressure recovery at the
higher mass-flow ratios at Mach numbers sbove about 1.5, The increase in
pressure recovery above that for a normal shock, shown for the circular
intet at mass-flow ratios below 0.8, appeared in the schlieren photographs
of figure 13(c) to be caused by an oblique shock formation in front of the
inlet and the fact that the separasted boundary layer did not enter the
inlet,

There was very little difference in the pressure recovery between the
blunt-1ip and thin-1ip inlets over the major portion of the mass-~flow
range, However, the blunt-lip inlet, generally, had slightly higher
values of pressure recovery in the region of maximum mass-flow ratio at
all Mach numbers, and in the take-off condition (M, = O, fig. 9) it was
definitely superior to either the thin-lip or circular inlet,

Figures 11(b) and 12(b) show that the pressure recovery of both the
blunt-1lip and circular inlets at a Mach number of 1,5 was insensitive to
changes in angle of attack (between 0° and 10°), At M_ = 0.9 and mass-
flow ratios greater than about 0,80, the pressure recovery was reduced
for angles of attack above 4° with the circular inlet and above T7° with
the blunt~lip inlet., For the blunt~lip inlet, at ¥ = 0.9, a discon~
tinuity is evident in the pressure recovery for angles of attack above
and below 4° at & mass-flow ratio near 0.55.  This sudden reduction in
recovery occurred in conjunction with large pressure fluctuations in the
duct.

Drag

One of the adventages of the circular inlet over the trapezoidal
inlets for this airplane is the decrease in volume of the struchbure
surrounding the duct system, because of the structural superiority of the
circular shape, This decrease in Internal structure would be reflected
in reduced angularity with respect to the free-stream direction of the
external contours of the model in the vicinity of the inlet, The longi=-
tudinal area distribution for the air-induction model with the wvarious
inlet configurations, figure L4, shows that the maximum cross-sectional
area of the model with the circular inlet is slightly less than either
the blunt- or thin-lip inletd., Experimental tests made with the circular .
inlet having its maximum cross-sectional area increased to that of the
blunt-lip inlet (see figs. 4 and 10), showed that the cross-sectional-area
increase accounted for a 0,000% increment in Cp at supersonic speeds, and
had no measurable effect at M, = 0.9, Certain existing structural members
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however, restricted further changes in angularity of the duct surfaces;
thus the maximum drag reduction possible could not be realized on the
circular~inliet model,

At M, = 0,9 the drag coefficlents of the three inlet configurations
were sbout the same (fig. 10(a)). However, the thin-lip inlet and the
circular inlet had considerably lower drag coefficients than the blunt-
lip Inlet at supersonic speeds, The drag difference between the blunt-
lip and the thin-lip inlets was about what would be expected from previcus
research reported in reference 8, The magnitude of the decrease in drag
resulting from use of the circular inlet, assuming a total drag coefficient
of the airplane in high speed flight (Mm = 1.5) of 0,0235, would reduce
the airplane drag 10 percent over the configuretion uslng the blunt-lip
inlet and 5 percent over the thin-lip inlet configuration, This reduction
in drag may be partly the result of the previously mentioned external :
contouring advantages of the cilrcular inlet, but, as mentioned in the
Introduction, is believed to be due mainly to the difference in the
boundary~layer diverter systems,

The increase in drag with increasing angle of attack (above 4°) is
less rapld with the clrculer inlet than with the blunt-lip inlet at Mach
numbers of 0,9 and 1,5 (see figs. 11 and 12,) However, the drag rise
between 0° and 4° is small for either inlet at both subsonic and super-
sonic speeds,

Alr-flow Stability

The criterion used to indicate the degree of instability of the
inlets tested was the meaximum total amplitude of the pressure pulsations
weasured by the pressure cells in the ducting system, Examination of the
pressure-time records showed the pressure pulsations to be random, and to
have a maximum frequency of about 450 cycles per second (see fig, 1h4).
These records showed that the start of "buzz" (see fig. 15) was at lower
mags~flow ratios and that the maximum amplitude of the pressure pulsations
was much less for the circular inlet than for elther the blunt- or thin-
lip inlets, Although the maximum pressure amplitude in the circulax inlet
diffuser never exceeded 5 percent of the total pressure, lower oscillation
amplitudes over g wider msss~flow range might be expected by lncreasing
the distance between the fuselage and the adjacent circular entrance., A
peesible explanation for. the lower pressure pulsations in the circular
inlet may be that the circular inlet allows a major portion of the air
separated by shock-~wave boundary-layer lnteraction to pass around the
inlet, A somewhat similar argument may be obtained from an investigation
of a-normel-shock inlet reported In referencée 11, When the normal shock
was in front of the splitter plate of the modified inlet (ref. 11), a
portion of the separated air was removed by the boundary-~layer bleed
system and the megnitude of the oscillation amplitudes was reduced,

{ ]
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From the records of the pressure bulsations in the duct, and from
visual schlieren and manometer-tube observations, it was noted that when
‘the magnitude of the flow instablility incressed rapidly, & flow esymmetry
usually occurred (see fig, 13(a))}. The inlet on one side of the model
bad a lsrger air flow through it than the inlet on the opposite side,
with the result that the buzz was alsoc more severe on the side inlet with
the lowest air flow, A similar phenomenon has been observed in other
side~inlet installations, both at subsonic (ref, 13) and at supersonic
speeds (ref, 1l4) where the ducting from two inlets join in a common
chamber,

At the high subsonic speed of these tests, Mm = 0.9, and at low mass~-
flow ratios (m/m_, less than about 0.5), instability occurred for the
blunt-lip inlet at angles of attach above and below 4°, and for the thin-
lip inlet at 49, Evidence of the instability cen be seen both from the
increase in the total amplitude of the pressure pulsations (fig. 15(z))
and from the pressure~recovery mass-f£low ratio curves of figure 11(a).

The Itneitsbility probably was triggered by sepsration on the ramp arnd in
some instances resulted in the twin-duct type of instability. For the
circular inlets at subsonic speed, no internal flow Instability occurred
at any of the asngles of attack tested (figs. 12(2) and 15),

Totel Pressure Distribution

The performance of a jet engine in combination with an air-induction
system has been found to be a function of both the average pressure of
the air delivered to the engine, and the radial and circumferentisl pres-
sure distribution of the flow at the entrance to the compressor, Poor
distribution can s2lso produce severe vibratory stresses., Representative
contour maps showing the preéssure variation at the campressor entrance
indicate differences in the radlial and circumferential total pressures
of sbout +7,0 percent, at a simulated high-speed condition, (M, = 1.5,
n/m, = 0,9). A study of these plots (fig. 16) and of data at other flight
conditions indicates the same degree of nonuniformity in radial and
peripheral total pressure distribution for the three inlet configurations,

It should be pointed ocut that at lower wass~flow ratlos than those
presented in figure 16 the pressure variations in the duct were more
uniform, while the distribution at higher mass flow wes less uniform,

Net Propulsive Force

A significant performance comparison of the three inlets tested
involves a conversion of the drag force and the pressure recovery into
a single net-thrust parameter, The Inlets must also be compared at their
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actusl operating points, At the operating (or "metched”) condition, the
air supplied by the inlet must be equal to the slr required by the engine
(for this esnalysis the JT3C-20 engine was assumed). The method used and
the assumptlon involved in this performence anslysis are given in refers-
ence 8, The only modification to the method outlined in reference 8 is
that 1n the present report a net-thrust paremeter is used, while in
reference 8 the results were given in terms of an effective drag coef=-
ficlent., The drag force used in the computations is for the fuselage
and alr-induction system shown 1ln flgures 1 and 2, and does not include
the drag of wing or tail surfaces,

The results of the anslysis for each of the three Inlets investigated
are given in filgure 17. In general, the circular Inlet can be seen to
have considersbly better net propulsive thrust than either the blunt- ox
thin~-lip trapezoidal inlets, At supersonic speeds, the thin-lip inlet
gives a higher net-thrust parasmeter than the blunt-lip Inlet, It should
be noted that at supersonic speeds the change in the net-thrust parameter
with inlet area (or mass-flow ratio) is much less for the circular inlet
than for either the blunt- or thin~lip inlets; 1indicating a more favorable
off=deslgn performance for the circular inlet,

The inlet area of 4,21 square feet appears to be a good compromise
wWhen the performace in the speed range from O to 1,5 1s considered,
Somewhat higher performsce st supersonlc speeds can be attalned with an
inlet area of 3,5 square feet; however, severe performance losses are
incurred during subsonic operation,

It should be remembered that the inlets tested were designed,
primarily, for operation at Mach numbers up to 1.5. By designing the
inlets for operation at higher Mach nmumbers the net-thrust parameter
would be changed considerably at all speeds,

CONCLUSICNS

The following conclusions were cbtained from an Investlgation at
Mach numbers from O to 1,9 of a side~inlet air-induction systen for a

Tighter-type sirplane:

1. OFf the inlets tested at supersonic speeds on the air-induction
model., the circular inlet had the lowest drag, highest net propulsive
thrust, and largest stable range of operation,

2, The advanbtage of the circular inlet over the trapezoidal inlete,
from a drag standpolnt, appeared to be assoclated wlth the combined effects
of the type of boundary-layer removal system, reduced angularity of the
external contours near the lip entrance, and a smaller projected frontal

) “
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3. For the trapezoidsl inlets at supersonic speeds, the thin-lip
design had less drag than the blunt-lip design,

h, At M, = 1.5 the variation of pressure recovery with angle of
attack up to 7° was insignificant for either the blunt~lip, trapezoidal
inlet, or the circulsxr inlet,

5. The flow instability encountered with these inlets was accom-
panied, ususlly, by & flow asymmetry in which the inlet on one side
operated at a higher mass~flow ratlio than the inlet on the other side,

6. Analysis of the inlet performance on the basis of a net~thrust
parameter showed that a fixed inlet area could be used satisfactorily at
Mach numbers up toc 1.5, The circular inlet also showed more favorable
off-design operation, except at take-off,

Ames Aeronauti Isab

Nationsel Advisory acslirmittee for Aeronautics
Moffett Field, Calif,, Apr. 27, 1955
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Figure l.~ Photograph of the alr-induction model with the blunt~lip inlet.
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Figure 2.- Photograph of the alr-induction model with the circular inlet,
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Flgure 3.~ Photograph showing the inlet reglon for the blunt-lip, thin-lip, and circuler inlets. -
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Figure 9.~ The variatlon of preasure recovery with alr-flow parameter
for the take-off condition (M, = 0).
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Figure 10,~ Comparison of the performance characteristics of the
blunt~lip, thin-lip, and circular inlets; o = 4.0°.
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Figure 13,- Continued,
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Figure 14, - Typlecsl time~pressure records of the pressure pulsations,
thin-1ip inlet; o = 4°,
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(a) Blunt-lip inlet. {b) Thin-lip Inlet.

{c) Circular inlet.

Figure 16,~ Typlecal total-pressure recovery contour maps for the blunt
1ip, thin-lip, and circular inlets; M, = 1.5, @ = 4,00,
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